The organic carbon content of soil is positively related to the specific surface area (SSA), but large amounts of organic matter in soil result in reduced SSA as determined by applying the BrunauerEmmett-Teller (BET) equation to the adsorption of N 2 . To elucidate some of the controlling mechanisms of this relation, we determined the SSA and the enthalpy of N 2 adsorption of separates with a density > 1.6 g cm À3 from 196 mineral horizons of forest soils before and after removal of organic matter with NaOCl. Likewise, we investigated these characteristics before and after sorption of increasing amounts of organic matter to four mineral soil samples, oxides (amorphous Al(OH) 3 , gibbsite, ferrihydrite, goethite, haematite), and phyllosilicates (kaolinite, illite). Sorption of organic matter reduced the SSA, depending on the amount sorbed and the type of mineral. The reduction in SSA decreased at larger organic matter loadings. The SSA of the mineral soils was positively related to the content of Fe oxyhydroxides and negatively related to the content of organic C. The strong reduction in SSA at small loadings was due primarily to the decrease in the micropores to which N 2 was accessible. This suggests preferential sorption of organic matter at reactive sites in or at the mouths of micropores during the initial sorption and attachment to less reactive sites at increasing loadings. The exponential decrease of the heat of gas adsorption with the surface loading points also to a filling or clogging of micropores at early stages of organic matter accumulation. Desorption induced a small recovery of the total SSA but not of the micropore surface area.
Introduction
The soil's ability to accumulate and preserve organic matter and thus to counteract the increasing concentration of CO 2 in the atmosphere has received growing interest in the last decade. Sorption to mineral surfaces seems to be a major process in the preservation of organic matter in soils and marine sediments. However, the ability of soils to accumulate organic matter is limited, most probably by the surface area available for sorption.
Enhanced microbial decay of desorbed organic matter (Keil et al., 1994a) and decreased decomposition of sorbed organic compounds (Jones & Edwards, 1998 ) suggest a sorptive control of the accumulation and stabilization of organic matter in soils and sediments. The strongest indication for this mechanism derives from the close positive relation between the concentration of organic C and the specific surface area (SSA) in marine sediments and surface soils (Mayer, 1994; Keil et al., 1994b) , with the SSA determined by application of the Brunauer-Emmett-Teller (BET) equation to sorptiondesorption of N 2 at 77 K. This method is assumed to assess the external surface area. Whereas previous investigators (Mayer, 1994; Keil et al., 1994b) assumed monolayer coverage of mineral surfaces by organic matter, Mayer (1999) and Mayer & Xing (2001) have more recently used the term for the enthalpy of the N 2 adsorption of the BET equation to give reasoning for a more patchy distribution of organic matter at mineral surfaces. This agrees with microscopic analyses of marine sediments (Ransom et al., 1997 (Ransom et al., , 1998 .
In many soils, the surface accumulation of organic C exceeds that of marine sediments (Kaiser & Guggenberger, 2000; Mayer & Xing, 2001) . Nevertheless, the SSA seems to be a major control on the sorption of dissolved organic matter by soils Nambu & Yonebayashi, 2000) . In turn, the BET-N 2 SSA of soils is inversely related to their C content (e.g. . This accords with numerous investigations which have shown that removal of organic matter increases the external SSA of soil particles (Burford et al., 1964; Feller et al., 1992; Pennell et al., 1995; Theng et al., 1999; Mayer & Xing, 2001 ). Correspondingly, organic coatings reduce the SSA of soil particles and mineral surfaces (Kaiser & Zech, 1998; Celis et al., 1999) . Possible reasons for the reduction of the SSA by organic matter are the inaccessibility of organic matter and of organic matter-filled pores by N 2 (Burford et al., 1964; de Jonge & MittelmeijerHazeleger, 1996; Echeverrı´a et al., 1999) or the gluing of small mineral particles to larger aggregates by organic macromolecules (Su¨sser & Schwertmann, 1983; Feller et al., 1992) or both. The inaccessibility of organic matter can be the result of pores of molecular dimension (< 0.5 nm) which restrict the diffusion of N 2 (de Jonge & Mittelmeijer-Hazeleger, 1996; Echeverrı´a et al., 1999; Sing, 2001) . Thus, N 2 adsorbs to only a small portion, possibly the external part, of the surface of organic matter. However, it is obvious that BET-N 2 SSA and organic matter are closely related, and so we should know how they influence each other.
We have examined the relation between organic matter and BET-N 2 SSA and microporosity in soil to explore both the accumulation of organic matter as a determinant of the SSA of mineral particles and the control exerted by mineral surfaces on the preservation of organic matter in soils. We approached this by (i) determining the effect that the sorption and desorption of organic matter to different minerals and selected soil samples has on their SSA, the microporosity and the enthalpy of the N 2 adsorption and then (ii) comparing these results with changes in SSA and the enthalpy of the N 2 adsorption on the removal of organic matter from a wide range of different soil samples with NaOCl at low temperature.
Materials and methods

Soil samples
Soil samples were collected from 47 profiles in Belgium, Brazil, Germany, the Netherlands, Rwanda, Sweden, and Thailand.
All sampling sites were forested. The dominant tree species at the European sites were Norway spruce (Picea abies (L.) Karst.), European beech (Fagus sylvatica L.), Scots pine (Pinus sylvestris L.), and European larch (Larix europea Mill.). The sites in Brazil were under pine plantations (Pinus caribea Morelet) or natural Cerrado vegetation, and those in Thailand under pine plantations (Pinus kesiya Royle ex Gordon), secondary forest or primary forest. The soils represented Arenosols, Alisols, Cambisols, Chernozems, Ferralsols, Gleysols, Leptosols, Lithosols, Luvisols, Phaeozems, Podzols, Umbrisols, and Vertisols. Of the mineral horizons examined 149 were free of carbonate, and 47 contained carbonate. In most of the European and Rwandan soils, illite was the dominant clay mineral, often associated with smaller amounts of vermiculite and mixed-layer minerals and little kaolinite. Smectite was present in considerable amounts (> 5%) in only a few soils. The dominant clay mineral in the soils from Brazil and Thailand was kaolinite, with a little illite and vermiculite in the Thai soils.
The bulk samples were dried in air at 20 C and passed through a 2-mm sieve. Discrete particles of organic matter were removed from subsamples by heavy liquid flotation with Na polytungstate (Sometu, Berlin) at a density (d) of 1.6 g cm À3 . Subsamples (5 g) were slurried in 25 ml of Na polytungstate solution, shaken for 24 hours, then centrifuged at 10 000 g for 30 minutes. The supernatants were removed, and the settled soil materials were washed thoroughly with deionized H 2 O until the electrical conductivity of the solution was < 50 S. Thereafter, the samples were air-dried at 20 C.
Particle-size distribution of the bulk soil (< 2 mm) was determined by the sieve-pipette method (Avery & Bascomb, 1974) after ultrasonic dispersion without destruction of carbonates, oxides, and organic matter. Total C content was measured on ground subsamples of the bulk soil and of the density fraction > 1.6 g cm À3 with a CHNS analyser (Vario EL, Elementar
GmbH, Hanau). The values obtained represent the total concentrations of organic C in carbonate-free soil. For samples containing carbonate, organic C was determined by a second measurement after destruction of carbonates with 10% HCl. Carbonate C was calculated as the difference between total C and organic C. Aluminium and Fe from amorphous oxides and bound to organic matter were extracted from bulk soil samples with 0.2 M NH 4 -oxalate (pH 3) by the method of Schwertmann (1964) . Iron in amorphous and crystalline oxides was estimated by the dithionite-citrate-bicarbonate method (Mehra & Jackson, 1960) . Aluminium and Fe in the extracts were measured by atomic absorption spectrometry (AA-400, Varian Inc., Palo Alto, CA). The pH of bulk soil samples was determined potentiometrically in 0.01 M CaCl 2 at a soilto-solution ratio of 1:2.5. Table 1 reports the range of several physico-chemical properties of the samples.
Oxides and clay minerals
We prepared two-line ferrihydrite as described by Schwertmann & Cornell (1991) by neutralizing a 0.1-M FeCl 3 solution with NaOH. We obtained well-crystallized goethite (-FeOOH) by the method of Atkinson et al. (1967) by neutralizing a FeCl 3 solution with NaOH and ageing the precipitate at 55 C for 3 days. Haematite (-Fe 2 O 3 ) was produced by ageing a suspension of fresh ferrihydrite at pH 7 and a temperature of 90 C (Schwertmann & Cornell, 1991) .
Amorphous Al(OH) 3 was precipitated by slowly neutralizing a solution of 0.1 M Al(NO 3 ) 3 with NaOH (Huang et al., 1977) . Gibbsite (-Al(OH) 3 ) was obtained by ageing the fresh amorphous Al(OH) 3 precipitate at 40 C for 2 hours (Kyle et al., 1975) . After thorough dialysis against deionized water (> 14 days), the oxides were freeze-dried, and then passed through a 0.63-mm sieve. X-ray diffraction (D5000, Siemens AG/Bruker AXS, Karlsruhe) showed that the ferrihydrite, goethite, haematite, and gibbsite samples were pure. The last three proved to be highly crystalline, and the amorphous character of Al(OH) 3 was confirmed by the X-ray diffraction. Illite (< 2 m) was obtained from a clayey, strongly gleyic Bg horizon of a Haplic Stagnosol by ultrasonic dispersion and sedimentation. The separate was washed several times with 0.1 M NaOH to remove traces of Al oxides and organic matter. X-ray diffraction showed that it contained illite and small amounts of kaolinite ( 5%). Kaolinite (< 2 m) was separated from the C2 horizon of a Haplic Podzol derived from Tertiary weathering of granite. Separation was done by ultrasonic dispersion and sedimentation. Iron oxides were removed from the separate by the dithionite-citrate-bicarbonate method (Mehra & Jackson, 1960) . Aluminium oxides and organic matter were removed by repeated washing with 0.1 M NaOH. X-ray diffraction showed the sample to contain $ 95% kaolinite and traces of gibbsite, halloysite, and boehmite. The concentration of organic C in all clay separates was < 1 g kg À1 .
Prior to use, the clay samples were converted to the Ca form by repeated washing with 0.1 M Ca(NO 3 ) 2 and H 2 O, and then freeze-dried. The minerals were stored at 5 C. Selected properties of the used mineral phases are given in Table 2 .
Organic matter for covering soil samples and mineral phases
Organic matter used to cover soils and minerals was extracted from a field-fresh sample of the Oa horizon of a Haplic Podzol by addition of 5 l of distilled water to 500 g of organic material. After 15 minutes of stirring, the suspension was allowed to settle for 18 hours at room temperature and was then filtered through a 0.45-m polysulfone membrane filter (Supor-450, Pall Gelman Science, Ann Arbor, MI). We prepared initial solutions for covering soil samples and mineral phases by diluting the filtrate (dissolved organic C ¼ 90 mg l
À1
) with a solution of similar inorganic composition and same pH (4.0) as the filtrate to concentrations ranging from 10 to 90 mg dissolved C l
. The major cations in all solutions were NH 4 þ (0.26 mmol l
) and K þ (0.18 mmol l
); the major inorganic anions were SO 4 2-(0.21 mmol l
) and H 2 PO 4 -(0.06 mmol l
). The elemental composition and content of functional groups of the organic matter obtained is given in Table 3 .
The SSA of freeze-dried subsamples of organic matter was rather small (< 1 m 2 g À1 ) . The constant C of the BET equation, see below for its definition, for the adsorption of N 2 on the used organic matter ($ 30) falls into the range of different organic substances (Mayer, 1999) .
Coverage of mineral soil samples and mineral phases with organic matter
We prepared coverages of organic matter on four bulk soil samples (Table 4 ) and on the mineral phases by adding 80 ml of the initial solution containing 0-90 mg organic C l À1 to either 10 g of soil or 1 g of the mineral phases. The suspensions were shaken for 24 hours at 5 C, then centrifuged at 2000 g for 30 minutes. The supernatant was removed, filtered through 0.45-m membrane filters, and analysed for dissolved C (TOC-analyser 5050, Shimadzu Corporation, Tokyo). The settled material was washed twice to remove excess organic matter and then a portion was air-dried. The change of organic C of the sample was calculated by difference between the concentration of dissolved C in solution before and after the covering and washing. We checked the results by analysing subsamples of the air-dried settled material with a Vario EL CHNS analyser. Desorption of organic matter from goethite and ferrihydrite with the largest organic matter loadings was done 72 hours after the sorption with 0.1 M NaH 2 PO 4 . The experimental conditions were the same as used for the sorption (5 C, solid-to-solution ratio ¼ 1:8 for the soil material and ¼ 1:80 for the minerals).
After 24 hours' shaking, the suspension was centrifuged at 2000 g, and the supernatant was removed and analysed for dissolved C. The settled material was washed twice to remove excess NaH 2 PO 4 and then was air-dried. The change of organic C upon desorption was calculated by difference between the concentration of dissolved C in the equilibrium and the washing solutions and the C content in the samples before the desorption. In addition, subsamples of the air-dried settled material were analysed for carbon with a Vario EL CHNS analyser. 
Measurement of specific surface area
The SSA of the dense fraction of soil samples with and without removal of organic matter and of mineral phases and soil samples with and without sorbed organic matter was analysed by multiple-step adsorption-desorption of N 2 at 77 K in the relative pressure range of 0.05-0.30 (Sing, 2001 ) with an ASAP 2010 surface area analyser (Micromeritics Instrument Corp., Norcross, GA). Enough sample material was used for measurement to ensure a total surface area of > 5 m 2 . We estimated the SSA using the BET equation:
where is p 0 the saturation vapour pressure at the measurement temperature, p/p 0 the relative gas pressure, n the amount of gas adsorbed per mass sample, n m is the monolayer adsorption capacity, and C is a constant related to the enthalpy of the gas adsorption. The parameters n m and C were determined from Equation (1), and the SSA was calculated by multiplying the number of molecules in n m by the molecular surface area of N 2 (0.162 nm 2 ). The enthalpy of the N 2 adsorption was calculated by conversion of the constant C of BET equation following the approach of Mayer (1999) where only the most linear portion of the adsorption isotherm is considered. The SSA of micropores (> 2 nm) was determined by t-plot analysis (Sing et al., 1985) of the multiple-point N 2 adsorption isotherms (ASAP 2010). The method compares the volume of gas adsorbed with a standard non-porous material. The limitations of this method for the estimation of the microporosity of soils and sediments are discussed in detail by Mayer (1999) and Mayer & Xing (2001) .
Samples for SSA analysis must have all the water removed from them. This is usually done by heating to 350 C, which leads to thermal degradation of organic matter and to conversion of weakly ordered mineral phases into more crystalline ones. Amorphous Al(OH) 3 , for example, converts into gibbsite already at 40 C. Also Fe oxyhydroxides change on heating, and this changes their SSA substantially (Fischer et al., 1996; Strauss et al., 1997a) . Since the SSA area of many soils is due mainly to hydrous Al(-Si) and Fe oxides we should avoid treatments that alter these oxides. In addition, thermal treatment might influence the enthalpy of the N 2 adsorption of sesquioxides (Mayer & Xing, 2001) . We experimented in a preliminary way by heating moist samples ($ 20% water) of amorphous Al(OH) 3 to 40 C for 4 hours and of ferrihydrite to 80 C for 8 hours, and we found distinct decreases in the SSA, especially for micropores (< 2 nm), and for amorphous Al(OH) 3 also in the enthalpy of the N 2 adsorption (Figure 1 ). These changes proved to be due to the conversion of amorphous Al(OH) 3 to gibbsite and of ferrihydrite to haematite ( Figure 2 ) and thus confirm the speculation of Mayer & Xing (2001) that heating strongly affects the surface properties of soils rich in oxides. To avoid unintended changes by pretreatment, we degassed the air-dried samples for 48 hours at 20 C under a continuous stream of He.
Removal of organic matter from mineral soil samples
To assess the surface area and sorption energetics of the underlying mineral surfaces of soil samples one must remove the organic matter. This is often done by thermal oxidation. But as mentioned above, heating can strongly alter the type and surface area of the minerals. A combination of dispersion in 0.1 M Na pyrophosphate ($ pH 10) and oxidation with 30% H 2 O 2 at 80 C is usually used, in particular for soil samples rich in Fe oxides. However, pyrophosphate reagent can remove inorganic Al and Fe oxide compounds from soil by dispersion and dissolution (Parfitt & Childs, 1988; . Repeated oxidation of soil samples with NaOCl at pH 9.5 and heating for 15 minutes at 95 C is more effective for removing organic matter and extracts less Al and Fe from oxides than oxidation with H 2 O 2 (Lavkulich & Wiens, 1970) . However, heating to 95 C is sufficient to convert weakly ordered mineral phases into more crystalline forms (see above). Therefore, we tested oxidation with NaOCl on five soil samples at moderate temperature and pH. At 25 C a reaction time of about 4 hours per treatment was necessary to achieve similar destruction of organic matter as heating for 15 minutes at 95 C ( Figure 3a ). Next, we acidified the oxidation reagent to 8.0 to avoid destruction of less ordered Al hydroxides. This increased the reaction time per treatment to 8 hours ( Figure 3b ) due to the pH-dependence of the electrode potential of NaOCl. For the standard procedure, fractions with a density > 1.6 g cm À3 of all soil samples were treated at 25 C with 1 M NaOCl adjusted to pH 8.0 at a soil-to-solution ratio of 1:50 in order to destroy organic matter. After 6 hours, the samples were centrifuged at 2000 g for 30 minutes, and the supernatants were removed. This treatment was repeated five times. After the last treatment, the centrifuging pellets were thoroughly washed with deionized water to remove salts, and dried in air. The procedure removed between 77 and 95% of the organic matter of the soil samples we investigated.
Results and discussion
Changes of the specific surface area of minerals and soils upon sorption of organic matter
The SSA of all minerals tested, either oxyhydroxides or phyllosilicates, decreased with increasing loading with organic matter (Figure 4 ), which accords with results of previous studies on soils and mineral phases (Kaiser & Zech, 1998; Celis et al., 1999 the relation between organic matter and the mineral matrix depends primarily on the mineral composition but not on the surface area of the underlying minerals (Ransom et al., 1998) . For individual minerals, the reduction of SSA due to increasing sorption of organic matter was not uniform. The decrease in SSA was larger at small organic matter loadings than at larger ones. For ferrihydrite, the reduction of the SSA, normalized to the amount of C sorbed, was 18.9 m 2 g À1 C at a loading of < 1 mg C g À1 and 2.2 m 2 g À1 C at loadings of
. That means that organic matter sorbed on uncovered surfaces or surfaces with a small surface loading occupied a larger portion of the available surface area. One possible explanation is that at small surface loadings, molecules sorb in an uncoiled, spread-out conformation that allows a maximum of ligands to attach to the sorbing surface. At larger surface loadings, when the surface available is reduced, sorption might take place with fewer ligands involved, leaving parts of the molecule not attached to the surface but reaching into the solution. Consequently, the surface area covered per molecule is smaller than at small surface loadings. Similar changes in the surface arrangement of molecules at different surface loadings occur during the sorption of organic polymers (Theng, 1979) . A second explanation is that with increasing surface loading an increasing portion of the sorbing molecules does not attach to mineral surfaces but forms organic multilayers as a result of hydrophobic interactions or bridging by polyvalent cations between organic ligands of sorbed and soluted molecules. However, because the organic matter used here contained strong acidic groups, and NH 4 þ and K þ were the dominant cations in the initial solutions the formation of multilayers is unlikely. A third explanation is that at small surface loadings sorption takes place primarily at sites such as pores where multiple attachment to the sorbing surface at minimum stretching or unfolding of the sorbed molecules is possible. This could decrease the SSA by filling or clogging of small pores (Echeverrı´a et al., 1999; Theng et al., 1999) or reduction in the surface roughness (Weidler et al., 1998; Bock & Mayer, 2000) . The preferential decrease of the micropore surface area of ferrihydrite and goethite with increasing organic matter loading ( Figure 5 ) supports the third explanation. At the greatest loading, goethite lost 27% of its total SSA but 90% of its micropore surface area. For the ferrihydrite, the loss of its total SSA was 15% and that of the surface area of micropores was 88% at the greatest loading. Even at the largest organic matter loadings a large portion of the initial SSA (59-85%) of all mineral phases was still accessible for N 2 . We think that this indicates that sorption takes place only at specific reactive sites on the mineral surfaces. These sites can be the edges of illite where amphoteric Al-OH groups are exposed (Kulik et al., 2000) or those crystal surfaces of Fe oxyhydroxides with highly reactive singlecoordinated OH groups (Barro´n & Torrent, 1996) . Therefore, accumulation of organic matter at mineral surfaces is likely to occur in patches rather than as a continuous coating. Evidence for a patchy surface accumulation of organic matter comes also from studies of marine sediments by theoretical and indirect approaches (Ransom et al., 1998; Mayer, 1999) , and transmission electron microscopy (Ransom et al., 1997) .
Sorption to specific sites can also explain the large differences in the response of the SSA to increasing sorption of organic matter by the different mineral phases. The strong reduction of the SSA of illite at small surface loadings could be due to preferential sorption of organic matter to the edges and thus the reduced accessibility of layers for N 2 or due to bridging of particles to dense aggregates. For soils (Figure 6 ), the SSA was markedly diminished for samples with the smallest sorption (Chernozem C1 and Phaeozem C), whereas the sample with the largest sorption (Podzol Bw) showed only a relative small reduction in its SSA. In addition, for the strongly sorbing Podzol Bw horizon, the decrease in SSA with increasing organic matter sorbed was almost linear as compared with the other three samples where the reduction of SSA decreased with increasing sorption. We assume that this results from the different organic matter loading of the four samples prior to the experiments. The Chernozem C1, Phaeozem C, and Cambisol Bw1 horizons contained little organic C whereas the Podzol Bw contained considerable amounts (Table 4) .
The smallest additions of organic matter to the Podzol Bw caused a net release of C. The SSA, however, decreased with all additions of organic matter, either causing a net decrease or a net increase of the C of the soil sample ( Figure 6 ). The composition of the organic matter in the equilibrium solution was different from that of the initial solution. This change indicated a sorption of organic matter from the initial solution and a release of organic matter from the soil. Since a decrease of the SSA occurred together with the net release of organic matter, we assume that the predominant portion of the released organic matter was only loosely attached to the soil, probably to organic surfaces via weak hydrophobic interactions. Otherwise there should have been an increase in the SSA.
The mean reduction of the SSA normalized to the amount of organic C sorbed ranged from 23 m 2 g À1 C for the Podzol Bw to 66 m 2 g À1 C for the Chernozem C1 horizon. These values clearly exceed those we noted for pure mineral phases, which suggests that the soil samples had uncovered reactive sites available for sorption. The analysis of the contribution of micropores to the SSA confirmed this. As with ferrihydrite and goethite, the loss in SSA in the Podzol Bw and the Cambisol Bw1 was accompanied by a strong decrease of the surface area due to micropores (Figure 7 ), indicating that as for the minerals the micropores and rough surfaces are the favoured sorption sites. The soil samples contained C attached to the mineral matrix already before the experiments. Therefore the existence of micropores astonished us because the previous results showed that organic matter sorbs initially and preferentially to the surfaces of micropores. It seems that these particular micropores were not exposed to organic matter before the experiment, probably because they were within aggregates. In summary, sorption of organic matter to mineral surfaces reduces their SSA. The extent of the reduction depends on the type of the mineral and the loading of the sorbing surface. The results indicate that sorption is more likely to result in the formation of organic patches than of a continuous coating, probably at specific, highly reactive sorption sites.
Changes of the enthalpy of N 2 adsorption to minerals and soils upon sorption of organic matter organic matter loadings, the observed values approached that of the organic matter used for the sorption experiments ($ 30). This suggests that an increasing proportion of N 2 interacts with organic material instead of adsorbing to uncovered mineral surfaces. However, for none of the mineral phases did the decrease in SSA exceed 53% of the initial value. For mineral phases with little contribution of micropores to the SSA, changes in C might be exclusively due to increasing coverage of the surface by organic materials (Mayer, 1999) . However, the enthalpy of the N 2 adsorption increases with an increasing proportion of SSA in micropores (Gregg & Sing, 1982) . For materials with considerable contribution of micropores to the SSA, sorption of organic matter might therefore influence the enthalpy of the gas adsorption not only by covering exposed surfaces but also by covering or filling of micropores or reduction of the surface roughness (see above). Thus, for microporous materials such as Fe oxyhydroxides the sorption of organic matter can have a more pronounced and unpredictable effect than for materials with few micropores.
The decrease of C and thus of the enthalpy of the N 2 adsorption related closely to the SSA, indicating that both variables depend on the coverage of mineral surfaces by organic matter (Figure 9 ). However, the relation was different for each mineral phase and often non-linear. The same was true for the relation between the fraction of the initial SSA lost upon sorption of organic matter and the subsequent change of the enthalpy of the N 2 adsorption (Figure 10 ). One possible explanation is that the C varies strongly between different mineral phases (Table 2 ; Murray & Quirk, 1990; Mayer, 1999) . Soils are varying mixtures of mineral phases, and so increasing organic matter loadings and preferential coverage of strongly sorbing surfaces can lead to changes of C and the SSA varying from soil to soil. Thus, it seems impossible to estimate to what extent mineral surfaces are covered by organic matter from the approach proposed for mineral sediments by Mayer (1999) . This confirms the results of Mayer & Xing (2001) who showed that for acidic soils estimation of the coverage of mineral surface by organic matter using the enthalpy of the N 2 adsorption is not valid. However, one can make the estimation by relating the SSA of covered and uncovered solids, and the enthalpy of the N 2 adsorption might be used instead as a measure to distinguish the nature of exposed surfaces (Mayer & Xing, 2001) . Note that these are two quite different measures. For example, filling of pores with organic matter can make a large proportion of the mineral surface inaccessible for N 2 but does not necessarily produce a surface that is predominantly organic.
Also for soils, C decreased with increasing sorption of organic matter (Figure 11 ), but again the relation between changes in the enthalpy of the N 2 adsorption and SSA varied from soil to soil. This confirms the above assumption that for soils the estimation of the extent of mineral surfaces covered by organic matter from the enthalpy of the N 2 adsorption might not be applicable.
The decreases in the enthalpy of the N 2 adsorption upon sorption of organic matter accorded with the decreases in SSA. Possibly, these changes are induced by reducing the accessibility of small pores by filling or clogging with organic matter.
Changes of the specific surface area and the enthalpy of gas adsorption to minerals upon desorption of organic matter Desorption of organic matter from goethite and ferrihydrite by NaH 2 PO 4 was incomplete, leaving > 89% of the previously sorbed C on the minerals. The poor desorption of organic matter from Fe oxyhydroxides and soils is commonly observed and can be explained by multiple ligands per molecule involved in bondings to the sorbing surface, and all have to be detached before desorption.
The little desorption of organic matter was accompanied with a small recovery of the SSA (Figure 12 ) that was smaller than we expected by the amount of C released, and there was no recovery of surface area due to micropores. The increase in SSA normalized to the amount of organic C desorbed were 0.6 m 2 g À1 C for goethite and 1.4 m 2 g À1 C for ferrihydrite. Initial micropore surface area Figure 7 Decrease of the total specific surface area (SSA) and of the surface area due to micropores of (a) the Podzol Bw and (b) the Cambisol Bw1 with increasing amounts of sorbed organic C.
Since the desorption experiment was carried out with the samples with the largest organic matter loadings, it seems that the only molecules desorbed were ones that were attached with few ligands, while those remaining at the surfaces where attached via multiple ligands at sites such as the micropores that were still inaccessible to N 2 . This suggests that at least the poor desorption of organic matter from soils and minerals could be the effect of sorption into small pores. Poor desorption of inorganic anions such as phosphate from goethite as a result of penetration of meso-and micropores is also assumed by Strauss et al. (1997b) .
We found no changes in C and thus of the enthalpy of the N 2 adsorption after desorption of organic matter, possibly because the amount of desorbed organic matter was too small to induce measurable differences or because of the unchanged accessibility of micropores.
Consequently, the results of the desorption experiments confirm those of the sorption experiments.
Organic carbon in bulk soil sample and heavy fractions
The predominant portion of organic matter in the mineral soils was in the density fraction > 1.6 g cm À3 (Figure 13) Figure 9 Relation between the enthalpy of the N 2 adsorption and the specific surface area (SSA) for seven mineral phases with varying loading of organic matter.
Fraction of the initial SSA lost suggests intimate association of organic matter and minerals and emphasizes the importance of the minerals for the accumulation and probably stabilization of organic matter in soil (Shang & Tiessen, 1998; Baldock & Skjemstad, 2000) . Since the fractionation was done after sieving and mild ultrasonic dispersion, larger aggregates were broken up and litter fragments in their interior exposed and removed by floatation, the most reasonable mechanism leading to stable associations between organic matter and minerals in this fraction is chemisorption. The content of organic matter in the fraction related neither to Al and Fe oxyhydroxides as indicated by the content of acidic oxalate-extractable Al and dithionite-citrate-bicarbonateextractable Fe (Figure 14a ) nor to the content of clay ( Figure  14b ). This contrasts with our previous observations on illuvial soil horizons receiving large amounts of dissolved organic matter with the percolation water (Kaiser & Guggenberger, 2000) . We assume this to result from largely differing organic matter loadings of the samples used here.
We found no relation between organic matter and SSA as well (Figure 14c ), which contrasts studies on marine sediments and particles where the content of C was closely related to the SSA (Keil et al., 1994b; Mayer, 1994) . However, large amounts of organic matter were more frequently associated with small SSA and large SSA most often with small contents of organic matter (Figure 14c ). This could mean that organic matter modifies the SSA of soils, perhaps depending on the mineralogical composition and the soil depth. Deeper horizons should receive less dissolved organic matter and thus have a bigger part of their mineral surface uncovered by organic matter than the horizons closer to the surface.
Stepwise linear multiple regression (inclusion of variables at P < 0.001) showed that the SSA itself depended largely on the content of organic carbon (OC) and of dithionite-bicarbonatecitrate-extractable Fe (Fe d This emphasizes the contrasting effects of Fe oxyhydroxides and organic matter on the SSA of soils shown by Feller et al. (1992) .
Specific surface area of heavy soil fractions before and after destruction of organic matter
Destruction of organic matter in the soil samples was in all cases incomplete. Even after five treatments with NaOCl 2-23% of the initial content of C remained. This could mean that organic matter attached to the soil mineral matrix is stabilized by sorptive interactions. However, we found no significant correlation of residual organic C with properties such as the content of Fe oxyhydroxides and clay which could be due to different surface loadings in different parts of the soil.
The SSA of all soil samples increased after destruction of organic matter (Figure 15 ) which accords with previous work on soils and natural colloids by Su¨sser & Schwertmann (1983) , Pennell et al. (1995) , and Mayer & Xing (2001) . It confirms the results from the sorption experiments and shows clearly that organic matter covers a portion of the mineral surfaces which renders them inaccessible to N 2 .
The SSA of soil samples after destruction of organic matter, representing the SSA of the mineral soil matrix, was closely related to the contents of Fe oxyhydroxides and of clay (Figure 16 ). The SSA of Fe oxyhydroxides in soils can reach values of several hundred square metres per gram (Borggaard, 1982) and exceeds the SSA of the synthetic Fe oxyhydroxides used in our sorption experiments. This could explain the large differences in the reduction of the SSA upon organic matter sorption between mineral phases and soil samples (see above). The SSA of clay-sized particles is often in the range between 50 and 100 m 2 g À1 (Feller et al., 1992; Mayer & Xing, 2001 ), but smaller values have been reported ($ 8 m 2 g
À1
; Sverdrup, 1996) . By assuming that the clay fraction is exclusively responsible for soil SSA, we estimated its average SSA to be $ 37 m 2 g À1 , which is at the smaller end of the published values. An explanation for the relatively small SSA of the clay fraction is that the organic matter that resisted the NaOCl oxidation still occupied a large surface, possibly that of reactive sites such as pores or places were multiple attachment is favoured. With the majority of its ligands attached to highly reactive mineral surfaces, an organic molecule is more likely to survive, at least partly, the harsh chemical treatment.
In general, the increase in SSA on destruction of organic matter was largest in the topsoil (0-10 cm depth) and decreased gradually with increasing depth. Because topsoils contain more organic matter than deeper horizons (Table 1 this suggests that the increase in SSA is related to the amount of C removed. However, if the increase in SSA was related to the unit mass of C destroyed, the effects of removing organic matter on SSA increased with depth ( Figure 17 ). That means that in the subsoil a mass unit of organic matter covers a larger surface area than it does in the topsoil. The increase in SSA by destruction of organic matter and the ratios of initial C to dithionite-citrate-bicarbonate-extractable Fe, to clay, and to the SSA after organic matter destruction were related nonlinearly ( Figure 18 ). This suggests a relatively large coverage of mineral surfaces at small loadings and decreasing loss of SSA with increasing organic matter accumulation and accords with the results of the sorption experiments shown above.
The enthalpy of N 2 adsorption to heavy soil fractions before and after destruction of organic matter ). This might be due to a substantial contribution of micropores to the total SSA (Gregg & Sing, 1982) . The values exceeded those of the synthetic mineral phases used in the sorption experiments (Table 2) indicating a large microporosity of the soils, possibly because of the large influence of Fe oxyhydroxides on their SSA. Goethite, for example, can have a substantial part of its SSA in micropores (Fischer et al., 1996; Strauss et al., 1997a) .
The enthalpy of the N 2 adsorption was usually larger for subsoils (> 12 kJ mol À1 ) than for topsoils with large amounts of organic matter (8-10 kJ mol À1 ). Exceptions were some illuvial B horizons of Podzols rich in organic matter which also exhibited adsorption enthalpies in the same range as topsoils. Some topsoils and illuvial horizons of Podzols had enthalpies of the N 2 adsorption (8-9 kJ mol À1 ) close to or even less than that of the pure organic matter used in the sorption experiments ($ 8.5 kJ mol À1 ). The smaller values in organic rich horizons can be explained by reduced accessibility of mineral surfaces for N 2 (see above). The enthalpy of the N 2 adsorption of untreated samples was closely related with the ratio of C before organic matter destruction to SSA after destruction of organic matter, i.e. the surface area of the uncovered mineral matrix (Figure 19 ). This shows that the enthalpy of the N 2 adsorption to the soil was affected by the loading of the mineral surface with organic matter. The relation was almost linear at large loadings, but it becomes increasingly curved as the loading decreases, and resembles the decrease in SSA of mineral phases at smaller loadings. We assume this result to be induced by the preferential filling or clogging of micropores at initial states of the organic matter sorption, as shown above. The enthalpy of the N 2 adsorption after destruction of organic matter related closely to the ratio of residual C, i.e. that organic matter that resisted the NaOCl oxidation, to SSA after destruction of organic matter (Figure 20) . Hence, the remaining organic matter still influenced the enthalpy of the N 2 adsorption. The relation is less close than that between the enthalpy of the N 2 adsorption before organic matter destruction and the ratio of C before organic matter destruction to SSA after destruction of organic matter (Figure 19 ).
We think this results from the removal of organic coatings that exposes rough and porous mineral surfaces different from those uncovered prior to organic matter destruction to the N 2 adsorption, and increases the variation in the enthalpy of the N 2 adsorption.
The exponential form of the relation between the enthalpy of the N 2 adsorption after destruction of organic matter and the ratio of residual C to SSA after destruction of organic matter (Figure 20 ) leads us to believe that some micropores are still clogged by organic matter. This accords with the finding that the surface area due to micropores hardly recovers once it has been lost on sorption of organic matter (Figure 12 Relation between the enthalpy of the N 2 adsorption after destruction of organic matter and the quotient of residual organic C after destruction of organic matter to the specific surface area (SSA) after organic matter destruction in heavy density fractions (d > 1.6 g cm
À3
).
and suggests a strong binding and stabilisation of organic matter in or at the mouths of these pores. Destruction of organic matter by NaOCl resulted in all cases in increased enthalpy of the N 2 adsorption. The increase was more pronounced for the materials with a large organic matter loading relative to the SSA of the mineral matrix (Figure 21) . The large variation in the increase of the enthalpy of the N 2 adsorption after destruction of organic matter might not be induced exclusively by differences in the amount of organic matter that was accumulated in materials from different depths (Table 1 ) but also by differences in the mineralogy and porosity of the underlying mineral matrix exposed by the destruction of organic matter.
The strong dependence of the enthalpy of the N 2 adsorption on both the microporosity and the coverage of surfaces by organic matter combined with the interrelationship of microporosity and the sorption of organic matter in soil leads to highly variable responses of the enthalpy of the N 2 adsorption to the destruction of organic matter. It can increase upon exposure of covered surfaces but also by the removal of organic matter from pores. In the first case, the increase is proportional to the surface exposed. In the latter case, removal of organic matter from, for example the mouth of a pore would increase the enthalpy of the N 2 adsorption in excess because of diffusion of N 2 into the formerly clogged or filled pores. The problem increases when we consider the heterogeneous mineral composition of the soils and thus their variation in porosity. Therefore prediction of the relation within the system organic matter-micropores-enthalpy of the N 2 adsorption is difficult, and so even estimating the proportion of organic surfaces exposed before organic matter destruction by changes in the enthalpy of the N 2 adsorption upon destruction of organic matter seems highly uncertain.
Estimating the extent of soil mineral surfaces covered by organic matter
We estimated the extent of the coverage of mineral surfaces by organic matter by relating the SSA after destruction of organic matter, i.e. the SSA of the mineral matrix, to the increase in SSA upon destruction. This approach implies that the gain in SSA upon the NaOCl oxidation is due to removal of organic matter that hinders the adsorption of N 2 by the underlying mineral surface. This approach takes advantage of the limited diffusion of N 2 at 77 K that does not allow it to pass organic matter (de Jonge & Mittelmeijer-Hazeleger, 1996; Echeverrı´a et al., 1999) . It represents a minimum estimate because NaOCl did not remove organic matter entirely and so a portion of the mineral surface might still be covered and not be accessible to N 2 . Mayer & Xing (2001) used the same approach to estimate the proportion of mineral surface covered by organic matter in some North American acidic soils. Unfortunately, the method gives no information on the proportion of exposed surfaces that are organic (see above). Rendering the mineral surface inaccessible to N 2 could just mean filling or clogging of pores with organic matter leaving the majority of the exposed surfaces inorganic although that the better part of the SSA is masked.
The proportion of the SSA of the soil matrix covered by organic matter was largest in the topsoils and some of the upper subsoils (< 30 cm depth, Figure 22 ). Here, coverage in some samples was close to 100%. With increasing depth, the coverage of the mineral SSA decreased strongly, with the SSA of the deeper subsoils being almost uncovered. Unlike in the sorption experiments, we could not establish a significant correlation of the proportion of SSA covered by organic matter with any soil property, such as mineralogy, other than depth. This means that the surface accumulation of organic matter at a given depth depends primarily on the amount of organic matter delivered from the soil compartment above. Or in other words, sorption of organic matter in the upper horizons is the major control on organic matter in the subsoil. This contrasts with the results of Parfitt et al. (1997) and Shang & Tiessen (1998) , who compared topsoils and upper (illuvial) subsoils. These soils receive large amounts of organic matter anyway, and so the input control is less dominant than for the subsoil horizons. Actually, for the acidic topsoils and the illuvial horizons of the European soils, there is a close relation between C and dithionite-citrate-bicarbonate-extractable Fe (see Kaiser & Guggenberger, 2000) .
Implications
Our results imply the following. 1 In soils, the sorption of organic matter by mineral phases induces strong changes in their surface properties, e.g. in the physical adsorption of N 2 at 77 K. Sorbed organic matter can cover and mask a large proportion if not virtually all of the SSA of the mineral matrix. However, the surface area as well as the sorption of organic matter varies strongly between different mineral phases. The loss of the SSA from pores of different size on sorption of organic matter is highly variable even for the same mineral. Thus, sorption of organic matter on the mineral surface does not necessarily render all exposed surfaces organic. 2 The loss of N 2 -accessible SSA on sorption of organic matter is strongly non-linear. At the initial stages of surface loading there is a strong decrease in SSA with increasing surface coverage by organic matter. This is most likely due to preferential sorption at reactive sites such as edges, rough surfaces, or micropores typically for the domains of mineral phases (Fischer et al., 1996; Weidler et al., 1998) . After those sites have been occupied, further sorption of organic matter results in a smaller loss of SSA. Preferential binding at reactive sorption sites favours the surface accumulation of organic matter in the form of patches rather than in a continuous coating, even on initially uncovered surfaces.
Changes in the enthalpy of the adsorption of N 2 that occur with sorption of organic matter could not be explained exclusively by increasing the portion of exposed surfaces being organic. More likely, the changes also reflect changes in the accessibility of micropores. 3 Sorption of organic matter to mineral surfaces reduces effectively the SSA due to micropores, which suggests that these are the preferred sorption sites. This does not necessarily mean that organic matter is sorbed within the micropores. Because of the small size of micropores (< 2 nm), penetration of natural organic matter molecules, which have minimum dimensions of 1 nm (Buffle et al., 1998) , seems unlikely. A more reasonable explanation is sorption at the mouths of such pores and their clogging. Desorption of part of the organic matter from mineral surfaces does not cause recovery of the micropores, indicating a strong bonding of organic molecules at such locations, possible by multiple ligand attachment to the sorbing surface ( Figure 23 ). This could give a strong protection against chemical and probably biological attack to sorbed organic matter.
Micropores are lost in the initial stages of the surface accumulation of organic matter. This suggests that the potential stabilization at surfaces is limited to those organic molecules that sorb to surfaces with small surface loading. Therefore, turnover rates of organic matter are probably related to the time when they are sorbed; thus, the first molecules to sorb are best stabilized. This process may at least partly explain the frequently reported slow turnover of mineral-associated organic matter in subsoils receiving little organic matter. The small amounts of organic matter sorbed in subsoils might thus be more effectively preserved than the huge amounts of organic matter bound in the topsoil. 4 Whereas in a given compartment, i.e. soil horizon, organic matter sorption and also the relation between organic matter and SSA is likely be under mineralogical control, this is not the case at the scale of the soil profile. There, surface accumulation of organic matter seems to be under a strong input control. Surface loadings in topsoils receiving large amounts of organic matter are larger than those with smaller input, regardless of the mineral composition. This suggests that the potential of subsoils as a long-term sinks for organic matter is larger than that of topsoils. Increasing organic matter input to subsoil horizons, e.g. in the form of dissolved organic C, has the potential to increase the pool of organic matter with long turnover times. Figure 23 Sketch of the sorption of organic matter at the mouth of a small pore, e.g. between two domains of a mineral. Reactive sorption sites are dense and favour multiple surface attachment and a large surface area. The sorption hinders diffusion of N 2 into clogged small pores and thus reduces the accessible surface.
